The effect of substitutional alloying of Re on elastic properties of B2 NiAl has been studied using first-principles electronic-structure calculations by the exact muffintin orbitals method and the coherent potential approximation. Our calculations have shown that elastic constants C 12 , C 44 and bulk modulus B of (N i 1−x Re x )Al alloys increase with Re composition almost linearly, but concentration dependence of elastic constants C 11 , Young modulus E, shear modulus G, G/B ratio and the Cauchy pressure P C is strongly nonmonotonously and has peculiarities near the concentration x= 30 at. % Re. Analyzing the density of states and Fermi surface sections we establish a direct connection between the behavior of the elastic constants of (N i 1−x Re x )Al alloys and changes in the interatomic bonding and Fermi surface topology.
I. INTRODUCTION
The intermetallic compound B2 NiAl has high melting temperature (T=1911 K) [1] , low density, good oxidation resistance and therefore it widely used in aerospace applications.
Low temperature brittleness inherent to B2 NiAl is the main limitation for the use of this intermetallic compounds as a high temperature structural material. Various techniques such as fiber reinforcement, precipitation strengthening, microalloying and macroalloying can improve room-temperature ductility by a formation of specific microstructure [2] , [3] , [4] , [5] . In our previous paper [6] we analyzed substitutional alloying on brittle vs. ductile behavior of B2 NiAl-X (X = Sc, Ti, V, Cr, W, Re, Co) alloys examining at atomic level the role of interatomic bonding in the ductility enhancement. We studied the site preference of 2 impurities X, elastic constants C 11 , C 12 , C 44 , bulk modulus B, the Young's modulus E, the shear modulus G, G/B ratio and the Cauchy's pressure (P C = C 12 − C 44 ) for NiAl-X alloys in the dilute limit, as well as for some nondilute systems to estimate the trend of changes in the elastic properties. Our results demonstrated that Re has a strong preference for the Ni sublattice in NiAl in good agreement with available experimental and theoretical data [7] , [8] .
We predicted that the addition of W, V, Ti, and Re atoms could yield improved ductility for B2 NiAl-X alloys without significant changes in the macroscopic elastic moduli. At the same time we found that concentration dependence of C 11 , Young's modulus E, shear modulus G, G/B ratio and the Cauchy pressure P C in (N i 1−x Re x )Al alloys has strongly nonmonotonic character. For this reason we carried out a more detailed study of the effect of Re on elastic properties of B2 NiAl. Investigating the density of states and Fermi surface cross sections we demonstrate that the anomalies in the behavior of the elastic constants have an electronic origin associated with the disappearance of antibonding e g states of nickel.
II. DETAILS OF CALCULATION
The calculations were performed using the exact muffin-tin orbital (EMTO) method including the full charge-density technique [9] within the coherent potential approximation (CPA) for modeling substitutionally disordered alloys [10] . The charge density was calculated within the local density approximation (LDA) and the total energy was obtained using the generalized gradient approximation (GGA) [11] . We used a basis set including valence spdf − orbitals and 29x29x29 grid of k-points. The energy integration was carried out in the complex plane using a semi-elliptic contour comprising 24 energy points. In our CPA calculation we included the screening contribution to the electrostatic potential and energy to take into account the effect of charge transfer between the alloy component using screening constants [12] obtained by the locally self-consistent Greens-function (LSGF) method [13] .
The calculations of total and projected densities of states (DOS) for B2 (N i 1−x Re x )Al were performed using the Koringa-Kohn-Rostocker (KKR) method within the atomic sphere approximation (ASA) [14] , [15] . The Fermi surface cross sections for the alloys were obtained using the peak positions of the Bloch spectral density function (BSD) [16] , which was calculated on the grid of k-points lying in ΓXMX and XMRM planes of the Brillouin zone.
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For cubic crystals there are three independent elastic constants C 11 , C 12 , C 44 [17] . To determine the tetragonal (C = (C 11 -C 12 )/2) and the trigonal (C 44 ) elastic constants we calculate the internal energy response on a volume-conserving orthorhombic and monoclinic distortions [18] respectively. Then the two cubic elastic constants C 11 and C 12 are splitted from the relation between C and bulk modulus B=(C 11 + 2C 12 )/3. To estimate elastic moduli for polycrystalline materials, the Voigt-Reuss-Hill (VRH) approximation is used [17] .
Brittle vs. ductile behavior of alloys is analyzed by using values of the Cauchy's pressure [19] and the Pugh's relationship (G/B ratio) [20] phenomenologically linking the plastic properties of materials with their elastic moduli.
If in a material the Cauchy relation C 12 = C 44 is fulfilled then the interatomic forces are central-symmetric and the total energy may be reasonably described by the pair potential approximation. But for metals and covalent solids the Cauchy relation is not satisfied experimentally. In these cases we must takes into account the directionality of bonds via many-body potentials [21] and the angular character of atomic bonding relating to the brittle or ductile properties of materials could be described by the Cauchy pressure P C = (C 12 −C 44 ) [19] . Therefore for covalent materials where the material resistance to a shear (C 44 ) is much stronger than a volume change (C 12 ), Cauchy pressure P C = (C 12 − C 44 ) should be negative (vice versa for metallic materials). Another empirical representation which may be considered as a measure of the ductility is G/B ratio [20] . Bulk modulus B is associated with the resistance to bond-length change and shear modulus G corresponds to bond-angle change. Therefore, if G/B < 0.5 a material behaves in a ductile manner, while if G/B > 0.5 a material should be brittle and the higher the value of G/B, the more brittle the material should be. Thus, the use of these physical criteria allows to estimate brittle vs. ductile behavior in alloys and compounds [22] , [23] .
III. RESULTS AND DISCUSSION
Following recipe of Ref. [24] we have established that Re at low concentration should have a strong preference for Ni sublattice [6] . Our results are in good agreement with available experimental data. Indeed, using the atom probe field ion microscopy (APFIM) [7] it was found that Re had a strong preference for the Ni sublattice in NiAl. In principle, a reversal of the site preference could occur with increasing temperature and concentration [6] To analyze alloying effect of Re on the elastic properties of NiAl we calculate the elastic constants C 11 , C 12 , C 44 , Young's modulus E and the shear modulus G of NiAl-Re alloys (Fig.   1 ). It is found that for (N i 1−x Re x )Al alloys the well-known criteria for mechanically stable cubic crystals are satisfied, that is (C 11 − C 12 ) > 0, C 44 > 0. For NiAl the good correlation between our theoretical and experimental lattice parameter, bulk modulus, elastic constants C 11 and C 44 is found (Table I) The addition of Re leads to the smearing of total DOS due to the increase of disorder on Ni sublattice (Figure 3, upper panels) . The main effect observed at low Re concentration is that the peak corresponding to Ni e g states begins to decrease (Fig. 3, (Re 10 N i Fig. 1) . A small dip in P c curve is also related to the decrease of occupation of Ni e g states. Indeed in B2 NiAl t 2g and e g states are almost fully occupied (Fig. 2) , and therefore there is no specific directionality in the distribution of 
